results or to monitor peak concentrations in real time.
In this study, we evaluated a diffusive sampler using 3-methyl-2-benzothiazolinone hydrazone (MBTH) for measuring formaldehyde in indoor environments. MBTH is known to sensitively react with formaldehyde on the quantitative analysis of formaldehyde. Since most compounds (e.g., aromatic amines, azo dyes, aldehyde-2,4-dinitrophenyl hydrazones) that react with MBTH to form colored products are not gaseous or water soluble, they do not interfere with the analysis of formaldehyde with MBTH in the atmosphere. We estimated the efficiency of the diffusive sampler by measuring the sampling rate, variation in blank values, precision, accuracy, and quantitative limit, and evaluated the diffusive sampler in both the laboratory and the field.
Experimental
Badge-type diffusive sampler and chamber system Figure 1 shows a schematic diagram of the diffusive sampler. The sampler consisted of a sampler end cap (55 × 55 × 18 mm), a sampler body (36-mm inside diameter (i.d.)), and a cap (33-mm i.d.) with four holes (10-mm i.d.) made of high-density polyethylene. The sampler body consisted of a filter-retaining ring (28-mm i.d.) and a spacer ring (28-mm i.d.) that maintained a diffusion distance of 10 mm, a semi-permeable membrane (Celgard-2500, USA), and a coated collection filter (26 mm; Whatman, 1 Chr, England). The filter-retaining ring and spacer ring were made from polyethylene. The sampler body and end cap had an edge and screw thread for the downward-facing equipment of the diffusive sampler with a pole and a wire. The semi-permeable membrane had 55% porosity, 0.209 × 0.054-μm pore size, and 25-μm thickness. The silicone flat ring (28-mm i.d.), mounted in the cap, ensured an airtight seal between the cap and the sampler body. The diffusive sampler was easy to handle because of employing light (about 29 g) and safe components; it was small, silent, and portable, and therefore suitable for personal and indoor air quality testing without an electricity supply.
The coated collection filter was individually prepared by dropping 100 μL of absorbing solution (MBTH solution) into the sampler body. The component parts were then immediately assembled into the diffusive sampler. Particular attention should be given to handling samplers because they may be easily contaminated. All samplers were stored in sealed bags in darkness at 4˚C until exposure.
A chamber system was prepared for formaldehyde generation and a badge-type diffusive sampler measurement for formaldehyde. Badge-type samplers were evaluated in a Pyrexglass exposure chamber (0.025 m 3 ), which employed a mixing fan, and sensors (TSI, Velocialc Plus Model 8386, USA) for monitoring the temperature and humidity. Formaldehyde in the chamber was generated from a formaldehyde solution (36.5 -38% in water, Sigma-Aldrich) in a permeation tube with a semipermeable diffusive membrane by ventilation with a clean dried-air mounted in a water bath for maintaining a constant temperature (30 to 60˚C), depending on the required formaldehyde concentration.
Part of the formaldehyde containing air was split off to a formaldehyde analyzer (Environmental Sensors, Z-300XP, USA). The formaldehyde analyzer as a reference method for measuring formaldehyde was a desktop instrument that measured formaldehyde concentration in the atmosphere with a range of 0 -30 ppm with a resolution of 0.01 ppm, a repeatability of 0.015 ppm, and a measurement time of 3 min under normal conditions. The sensing element of the formaldehyde analyzer is a four-electrode type electrochemical cell, which contains a working electrode and an active auxiliary electrode. The humidity was regulated by passing part of the clean air through two gas dispersion impingers containing a pure water (resistivity = 18.3 MΩ cm -1 ), and was kept at approximately 50% throughout the experiment.
Reagent and materials
All reagents (reagent grade) used in this study were purchased and used without further purification. Pure water (resistivity, 18.3 MΩ cm -1 ; Millipore Milli-Q system) was used to prepare an absorbing solution and for analyzing the reagents. The MBTH solution was used for collecting and extracting formaldehyde. To prepare the oxidizing reagent, 1.0 g of ferric chloride hexahydrate and 1.6 g of sulfamic acid were dissolved in pure water and diluted to 100 mL.
All parts of the diffusive sampler were thoroughly cleaned with pure water using an ultrasonic cleaner (40 kHz, Seong Dong, Korea) and were dried overnight in a drying oven (Jeio Tech, OF-22, Korea). After drying and cooling, they were stored in a clean environment to prevent the accumulation of dust or other contaminants.
Analysis
Scheme 1 shows a proposed reaction mechanism between formaldehyde and MBTH.
The formaldehyde in the atmosphere is absorbed by the MBTH solution, and the reaction of formaldehyde with MBTH first forms an azine. The oxidizing reagent, such as a ferric chloride-sulfamic acid solution, oxidizes the azine in the acid solution to form a blue cationic dye. This method uses a suitable spectrophotometer to identify and quantify the blue cation in the colored solution. 5 After exposure, the collection filters were unloaded into glass bottles (20 mL) with PTFE-lined screw caps, and azine was extracted with 5 mL of a MBTH solution in a shaker (Jeio Tech, BS-21, Korea) at a controlled-temperature of ±1˚C with orbital shaking for 1 h. The agitation in the shaker was adjusted to produce a mild swirling of the extraction solution and a rotational frequency of 150 rpm. The temperature of the extraction vial solution during extraction was maintained at 30˚C. After extraction, a 4-mL aliquot of the MBTH extract was pipetted into the reaction glass vial to react with the abovementioned oxidizing reagent.
The amount of formaldehyde trapped on the collection filters was determined spectrophotometrically using color development. Color was developed by the addition of 1 mL of oxidizing solution. After 20 min, the absorbance at 628 nm was determined in a suitable spectrophotometer using 1-cm cells. At least 3 blank samplers were prepared at the same time as the exposed samplers, and stored under the same conditions during tests. The measured values of the blank samplers were subtracted from the exposed sample values to obtain the net concentrations of formaldehyde.
Reference measurements for a comparison with results obtained by the diffusive sampler were carried out using the above-mentioned continuous formaldehyde analyzer.
Results and Discussion

Cleaning of collection filters
Increased formaldehyde concentrations in the blanks during 994 ANALYTICAL SCIENCES JULY 2006, VOL. 22 the process of analyzing the diffusive sampler may be caused by contaminated reagents, water, or sampler parts, including the sampler body, membrane, and collection filter. The blank collection filter, coated with an absorbent to collect formaldehyde, can easily be contaminated because formaldehyde is frequently encountered in the filter manufacturing process. Several procedures for cleaning the collection filters were investigated. The collection filters were cleaned by washing for 15 min with a variety of solvents (pure water, methanol, acetone, a mixture of methanol and acetone, and hydrogen peroxide), followed by three washings of 15 min each with pure water in an ultrasonic cleaner. The cleaned collection filters were oven dried at 60˚C for 24 h, and then treated as described above. Figure 2 shows the mass of formaldehyde in blank extraction solutions following the various cleaning procedures. Three replicates were prepared and analyzed, and the average mass of formaldehyde and the relative standard deviation of cleaning procedures were 0.21 ± 0.02 μg and 12%, respectively. Cleaning reduced blank concentrations by about 31% on average compared to filters that were not cleaned (0.32 ± 0.01 μg). The cleaning techniques did not vary in their effectiveness, but the solvents, except for pure water, could possibly react with the absorbent or the formaldehyde to form interference. Therefore, cleaning with pure water was used for all tests in this study.
Sampling rate of diffusive sampler
The sampling rate was experimentally calculated for a variety of MBTH solution concentrations to determine the optimum coating solution concentration. The theoretical and practical sampling rates of the diffusive sampler can be calculated from the following equation: 10
where SR is the sampling rate (m 3 s -1 ), D is the molecular diffusive coefficient (m 2 s -1 ), A is the cross-sectional area of the diffusion section (m 2 ), L is the total length of the diffusion path (m), M is the mass of the formaldehyde transported by diffusion (μg), C is the concentration of formaldehyde (μg m -3 ), and t is the sampling time (s).
For the badge-type diffusive sampler employed in this study,
the sampling rate would be controlled and limited by the masstransfer resistance, as well as by diffusion through the diffusion barrier or membrane. 11 The theoretical sampling rate calculated in this study did not take into consideration the resistance from the sampler structure. The theoretical sampling rate was calculated to be 26.3 mL min -1 . The molecular diffusive coefficient was presumed to be 0.16 cm s -1 . 4 Figure 3 shows the change in the sampling rate with the coating solution concentration. The practical sampling rates were experimentally investigated by exposing three diffusive samplers at the same time in the 0 -0.2% MBTH concentration region. The formaldehyde concentration and the sampling time for the exposure experiment were 0.112 ± 0.025 ppm (137 ± 30 μg m -3 ) and 6 -24 h, respectively. This resulted in the maximum sampling rate of 22.4 ± 3.5 mL min -1 on MBTH concentration of 0.05% (Fig. 3) . Although the sampling rate seemed to decrease slightly with increasing MBTH solution concentration, the sampling rate was not likely affected by the MBTH solution concentration at concentrations over 0.05%.
Recovery of formaldehyde from the collection filter
Recovery tests using the standard solution of 0.5 -5.0 μg of formaldehyde were performed following the extraction and analysis procedure mentioned above. A known mass of formaldehyde was spiked on the diffusive sampler collection filter; these samplers were then immediately assembled and allowed to equilibrate at room temperature for 8 h before extraction and analysis. Figure 4 shows the results of recovery tests for the extraction efficiency of formaldehyde from the collection filter. The average recovery rate was 93% (heavy line), with a relative standard deviation of 10% for the nine replicates measured. While there was a slightly negative trend in recovery with increasing spiked mass of formaldehyde, the applied mass of formaldehyde had no significant effect on the recovery. The evaluated average recoveries and the standard deviations satisfied the criteria for an acceptable performance of a diffusive sampler.
Stability of blank values
The blanks were used not only to calculate the accurate mass of the collected formaldehyde, but also to determine the limits of the detection and quantification of the diffusive sampler. Figure 5 shows the changes in the blank concentrations with the length of the storage period. The insert is a box plot of the initial blanks analyzed after complete diffusive sampler 995 ANALYTICAL SCIENCES JULY 2006, VOL. 22 assembly.
The initial blanks had an average mass of formaldehyde of 0.31 ± 0.03 μg with a relative standard deviation of 8% when the collection filters were prepared according to the procedures described above. On the other hand, uncoated filters had an average mass of formaldehyde of 0.21 ± 0.02 μg.
It is important to protect the diffusive sampler, including the collection filter, from formaldehyde contamination during sampler preparation and storage because formaldehyde is a ubiquitous contaminant in anthropogenic environments. 4 To investigate the effect of the storage period on the formaldehyde blanks, unexposed diffusive samplers were stored individually in sealed black bags at 4˚C and at room temperature. The formaldehyde mass of the blanks did not increase appreciably for about 1 month at room temperature; the average mass of formaldehyde was 0.36 ± 0.03 μg with a relative standard deviation of 8%. The average mass of blanks stored at 4˚C was 0.32 ± 0.01 μg. Even though the storage condition produced only a small effect on the formaldehyde mass, unexposed diffusive samplers should be stored in a cooling device, such as a refrigerator, until used for measurement and analysis.
Precision and accuracy
The precision of the diffusive sampler measurement method offers valuable information, obtained from multiple co-located measurements exposed under the same conditions. Table 1 gives the results for multiple co-located diffusive samplers. Ten replicate diffusive samplers were used with masses of formaldehyde ranging from 0.3 to 3.0 μg for a 24-h period. The relative standard deviation derived from the measurements was less than 8%.
The precision generally appeared to be independent of the concentration of formaldehyde in the air. Highly reproducible results were obtained, suggesting that the precision of the diffusive samplers was acceptable for measuring formaldehyde in indoor environments. Figure 6 shows the correlation between the results from the diffusive sampler and the reference method for the indoor investigation. The relationship between the duplicated diffusive sampler measurements and the reference method measurements was estimated using linear regression analysis. The results using both methods, which were obtained from the collected mass of formaldehyde and the time-weighted average concentration (TWC), as measured by the reference method, showed close agreement. Paired sample Student's t-tests indicated no statistically significant differences (P < 0.001). Liner regression also showed a good correlation, with a coefficient of determination of 0.952. The results from the diffusive sampler and the analyzer were highly correlated and did not appear to differ (see Fig. 6 inset) . The mean relative standard deviation was 5.1 ± 5.0% with a range of 0.7 -18.7%. Therefore, it was confirmed that the precision and accuracy of the diffusive sampler was adequate for measuring formaldehyde in indoor environments.
Sensitivity and capacity
Formaldehyde was found at detectable concentrations in both the blank diffusive samplers and the analytical solutions, and could influence the sensitivity or detection limits of diffusive samplers. The limit of detection (LOD) is the minimum concentration that can be measured with a given confidence level. The limit of quantification (LOQ) is the lowest concentrations that can be reliably quantified by a laboratory. 3 The LOD and LOQ for the formaldehyde diffusive sampler were estimated as:
where Cblk is the average blank concentration in the diffusive sampler, σ is the standard deviation of the blank concentration, t(n-1,0.01) is the 99th percentile of the Student's t distribution, and n is the number of blanks. In this study, the values of t(n-1,0.01) used for LOD and LOQ were 3 and 10, respectively. The average blank concentration obtained from the mass of formaldehyde in unexposed diffusive samplers (n = 25) was 7.9 ppb. For an exposure time of 24 h, the LOD and LOQ for blanks were 9.7 and 13.8 ppb, respectively. The exposure time should be increased for measuring formaldehyde at lower concentrations.
Effective sampling with the diffusive sampler would consider the optimal operating range as a function of the formaldehyde concentration and the exposure time, considering both the estimated LOD and LOQ. It is important to determine the 996 ANALYTICAL SCIENCES JULY 2006, VOL. 22 
where LOQ is the limit of quantification (μg), SR is the sampling rate (mL min -1 ), and CHCHO is the concentration of formaldehyde in the air (μg m -3 ). Figure 7 shows the minimum exposure times based on the measured and calculated LOQ, sampling rate, and formaldehyde concentration in the atmosphere.
For example, the formaldehyde concentrations of 10 and 100 ppb could be achieved by exposure of the diffusive sampler for approximately 33 and 3 h, respectively. The minimum exposure time for the measurement of formaldehyde using the diffusive sampler should be dependent on the LOQ and the concentration in atmosphere. The stability of unexposed, blank diffusive samplers in storage and in the field would be required, especially for low values of LOQ.
The capacity for the measurement of formaldehyde can be also evaluated as:
where Csat is the saturation concentration of formaldehyde obtained as a function of the sampling time (t; μg m -3 ), and Mmax is the mass load of formaldehyde accumulated on the collection filter of the diffusive sampler (μg). The mass load of formaldehyde would depend on the concentration of the absorbent for diffusive samplers with identical geometrical structure and sampling rate. Figure 7 also shows the estimated formaldehyde capacity of the diffusive sampler at absorbent concentrations of 0.05 and 0.5% MBTH. The capacity of the diffusive sampler increased with an increase in the concentration of the absorbent. It seems likely that the capacity is associated with the variation in the mass-transfer rate in the diffusive sampler. 13 The capacity of the diffusive sampler would depend on the quantity of absorbent on the surface of the collection filter. The capacity when 0.5% MBTH was used was 3 ppm h -1 (dotted line), approximately 1.5-times the capacity when 0.05% MBTH was used (solid The maximum possible concentration of formaldehyde that could be measured using this diffusive sampler can be determined using Fig. 7 , and should be related to the exposure time. Therefore, a shorter deployment period should be used at sites with high expected formaldehyde concentrations. This diffusive sampler would be suitable for both long-term measurements in ambient air with low formaldehyde concentrations, and for short-term measurement for personal monitoring in workplaces with high formaldehyde concentrations. 997 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 6 Correlation between the diffusive sampler and the reference method from the indoor investigation. TWC is a time-weighted average concentration. Fig. 7 Minimum exposure time and capacity of the formaldehyde diffusive sampler calculated from LOQ, formaldehyde concentrations, sampling time, and sampling rates in air. The solid lines were quantitation limit and capacity of the formaldehyde diffusive sampler with 0.05% MBTH, respectively. The dotted line is its capacity with 0.5% MBTH.
